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Design of allosteric hammerhead ribozymes activated by 
ligand-induced structure stabilization
Garrett A Soukup and Ronald R Breaker*
Background: Ribozymes can function as allosteric enzymes that undergo a
conformational change upon ligand binding to a site other than the active site.
Although allosteric ribozymes are not known to exist in nature, nucleic acids
appear to be well suited to display such advanced forms of kinetic control.
Current research explores the mechanisms of allosteric ribozymes as well as the
strategies and methods that can be used to create new controllable enzymes.
Results: In this study, we exploit the modular nature of certain functional RNAs
to engineer allosteric ribozymes that are activated by flavin mononucleotide
(FMN) or theophylline. By joining an FMN- or theophylline-binding domain to a
hammerhead ribozyme by different stem II elements, we have identified a
minimal connective bridge comprised of a G⋅U wobble pair that is responsive
to ligand binding. Binding of FMN or theophylline to its allosteric site induces a
conformational change in the RNA that stabilizes the wobble pair and ultimately
favors the active form of the catalytic core. These ligand-sensitive ribozymes
exhibit rate enhancements of more than 100-fold in the presence of FMN and of
~40-fold in the presence of theophylline.
Conclusions: An adaptive strategy for modular rational design has proven to be
an effective approach to the engineering of novel allosteric ribozymes. This
strategy was used to create allosteric ribozymes that function by a mechanism
involving ligand-induced structure stabilization. Conceivably, similar engineering
strategies and allosteric mechanisms could be used to create a variety of novel
allosteric ribozymes that function with other effector molecules.
Introduction
The de novo design of new ribozymes using a purely ratio-
nal approach will remain problematic until precise control
over nucleic acid folding can be achieved [1]. New
ribozymes and ligand-binding RNAs, however,  can be
routinely created using in vitro selection, which makes use
of iterative selection and amplification protocols [2,3]. The
success of this combinatorial process relies on the proba-
bility that a rare but active molecule can be isolated from a
vast population of mutagenized or random-sequence
RNAs. An intermediate approach to RNA engineering,
termed ‘modular rational design’ [4], makes use of pre-
existing RNA structures that retain their shape and func-
tion even when removed from their original setting and
placed in an entirely different context. This method elimi-
nates the need for inventing new enzyme active sites and
ligand-binding structures and can be used to create new
multifunctional nucleic acids. Indeed, the modular nature
of many RNA motifs is becoming more apparent [5–7] as
ongoing investigations continue to yield insights into the
structure–function relationships of folded RNAs.
Recently, we have successfully employed modular ratio-
nal design to engineer artificial ribozymes that act as true
allosteric enzymes [4,8,9]. Pre-existing RNA domains that
function independently either as a receptor for ATP or as
an RNA-cleaving ribozyme were joined to create a series
of allosteric ribozymes with catalytic rates that respond
either positively or negatively to the presence of ATP [4].
Independently, the ATP-binding aptamer [10] binds
ATP with a Kd of ~10 µM, whereas the hammerhead
ribozyme [11,12] cleaves RNA substrates with a rate con-
stant of ~1 min–1 in the presence of saturating concentra-
tions of substrate and magnesium ions. When coupled,
certain arrangements of conjoined aptamer–ribozyme
constructs display ATP-dependent enhancement or inhi-
bition of catalytic function. Rate modulation of these
ATP-dependent allosteric ribozymes is brought about by
ligand-induced conformational changes that occur in the
aptamer domain upon ligand binding. The resulting con-
formational reorganization creates either productive or
disruptive interactions between the two otherwise inde-
pendent domains, thereby producing the ligand-specific
kinetic responses that are observed [9].
Many aptamers that bind small ligands experience what has
been termed ‘adaptive binding’ [13–15]. The ligand-binding
pockets of these aptamers are typically heterogeneous in
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conformation, but undergo substantial structural reorga-
nization in the presence of the ligand. Most probably,
the dynamic motions of the aptamer’s binding pocket
occasionally sample the conformation that is comple-
mentary to its corresponding ligand. The binding energy
resulting from complex formation stabilizes the RNA
conformation that is bound to the ligand. With allosteric
protein enzymes, ligand-induced conformational change
is the central characteristic that modulates catalytic per-
formance [16–18]. The modular nature of RNA and its
ability to undergo substantial ligand-mediated structural
rearrangements are ideal characteristics for any catalytic
polymer having the potential to display sophisticated
allosteric control. We have therefore begun to develop a
conceptual and experimental framework for the design,
construction and characterization of allosteric ribozymes.
In this study, we have continued to employ modular
rational design methods to investigate ribozyme allostery.
Modular rational design is largely made possible due to
the relative ease of designing and manipulating secondary
structure elements such as duplexes, bulges and multi-
stem junctions. For example, fusing different RNA
domains can typically be achieved with considerable pre-
cision by following the simple rules of Watson–Crick base
pairing. In addition, a growing number of RNA tertiary
structures are available for use in preliminary modeling
experiments that can guide the early phases of the engi-
neering process [19–22]. Although modular rational
design makes a number of RNA design objectives possi-
ble, molecular engineers nevertheless must contend with
many currently unpredictable characteristics of nucleic
acid folding. To overcome these complications, a
‘shotgun’ strategy can be used to examine many designs
that are predicted to approximate the desired outcome.
This strategy ultimately relies on the probability that one
or more constructs might exhibit the function of interest.
Alternatively, one can use an ‘adaptive’ strategy for
modular rational design that is initiated with the design
and evaluation of a single prototype construct. Subse-
quent modifications to the construct are made on the
basis of alterations predicted to improve the performance
characteristics of the prototype. As with our previous
studies [4,9], we have employed the adaptive strategy for
modular rational design to create new allosteric ribozymes
that respond to FMN or to theophylline.
Results and discussion
Rationale for the design of the initial aptamer–ribozyme
construct (H11)
The hammerhead self-cleaving ribozyme is formed by a
three-stem junction (stems I, II and III) that positions
the scissile phosphodiester linkage near a central core of
phylogenetically conserved nucleotides (Figure 1a)
[11,23]. It is known that destabilization of stem II can
dramatically reduce the catalytic rate of the ribozyme
[24,25] and we have made use of this characteristic in
several of our initial allosteric ribozyme designs. Specifi-
cally, we have developed ATP-sensitive allosteric
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Figure 1
Engineered hammerhead ribozyme constructs. (a) Bimolecular
hammerhead ribozymes that carry an unmodified stem II hairpin (H1), a
stem II hairpin modified with a G⋅U wobble pair (H9), or various
weakened stem II elements fused to the FMN aptamer (H10–H12).
Stems I, II and III are labeled accordingly. A variant of H10 used to test
FMN affinity carries a single A → U mutation (underlined). 
(b) Construct H13 is a self-cleaving variant of H9 that was created by
adding a GAAA tetraloop to stem III. (c) Construct H14 is a variant of
H10 in which the theophylline aptamer is appended to the ribozyme in
place of the FMN aptamer. The site of RNA cleavage is indicated by
the arrowheads. Constructs were named to correspond with the
nomenclature used in a previous study [4] and the numbers do not
reflect the order in which they were created.
H1
H9
H10
H11
H12
H13
A AG
A G U A G
U C
G
C
A
G
C
U
A
U
G
G
C
C
G
C
G G ppp
C
5′
3′
A U
C G
G C
U G
G C
A A
A
A
G G G
GGU
A
A
U
C
G
G
CU
C G
U
U
G
G
A A
A
H14
U
G
A AG
A G U A G
U C
G
C
A
G
C
U
A
U
G
G
C
C
G
C
G G ppp
C
A U
C G
G C
U G p
G C
AA
GU U
AG
A
A
A C CC A
U
G
C
G
C
G
C
G
C
C
G 5′
3′
3′ 5′
A
A AG
A G U A G
U C
G
C
A
G
C
U
A
U
G
G
C
C
G
C
G G ppp
C
A U
C G
G C
U G p
G C
3′ 5′
I
III
C
G
G
C
G
CU
C G
U
II
C
G
Substrate
Ribozyme
C
G
G
C
G
CU
C G
U
U
G
A A
A
A
G G G
GGU
A
A
U
C
G
G
CU
C G
U
C
G
A A
A
A
G G G
GGU
A
A
U
C
G
G
CU
C G
U
U
G
A A
A
A
G G G
GGU
A
A
U
C
G
G
CU
C G
U
U
U G
5´
3´
FMN
Structure
(a)
(b)
(c)
ribozymes in which ATP binding effectively reinforces
the active conformation of a weakened stem II structure
that is mostly comprised of G⋅U base pairs (H7) [4]. We
speculated that the modest tenfold increase in activity
seen upon the addition of ATP might be due to the sta-
bilizing effects that ligand binding would have on the
weakened stem II element. In the current study, we set
out to investigate further the capability of ligand-bound
aptamer domains to confer structural stability to an oth-
erwise impaired hammerhead ribozyme and to expand
the allosteric repertoire of engineered ribozymes.
Using the adaptive strategy for modular rational design,
we engineered a single RNA construct that could serve as
a starting point from which future design modifications
could be made. We reasoned that the replacement of the
stable stem II element of construct H1 (Figure 1a) with an
extremely short base-paired element would provide a
weakened stem II that would significantly impair
ribozyme function. For our initial construct design, we
incorporated a new stem II element composed of a single
G–C base pair. The base identities for this pairing were
chosen because these nucleotides are strictly conserved in
natural hammerhead isolates [11,23,26] and because this
particular base pairing is known to be necessary for
maximum ribozyme activity [8]. To create the potential
for ligand-induced structure stabilization, an FMN-
binding aptamer [27,28] was added in place of the original
hairpin structure (Figure 1a, construct H11). This domain
is expected to serve as the allosteric binding site for an
FMN effector molecule.
The decision to incorporate the FMN aptamer in our con-
struct was made on the basis of several characteristics of
this RNA receptor. The secondary structure of the
aptamer consists of an internal bulge that is flanked on
each side by base-paired elements [27]. An atomic-resolu-
tion structure that was determined for the FMN aptamer
[29] reveals that the bulge adopts a compact, approxi-
mately A-form helical structure upon ligand binding,
resulting in the formation of a continuous hairpin-like
arrangement. In the bound form, the aptamer should serve
to extend the helical nature of stem II and provide addi-
tional structural stabilization to this critical determinant of
ribozyme activity. The aptamer also undergoes adaptive
binding [28], meaning that stabilization of the weakened
stem II element is expected to occur upon binding of the
ligand to the otherwise unstructured bulge. Finally, mol-
ecular modeling (data not shown) using the atomic coordi-
nates for the aptamer and the hammerhead ribozyme [30]
suggests that fusing this aptamer domain to a shortened
stem II element will not create any deleterious steric
interactions such as those previously observed for an ATP-
sensitive aptamer–ribozyme construct [4,9]. The aptamer
and ribozyme are joined together so that both domains
share the truncated stem II element. Although the
aptamer has two possible stems that could be oriented
towards the ribozyme, we chose to position the FMN
aptamer in a manner that maximizes the distance between
the catalytic core of the ribozyme and a base-triple/bulge-
nucleotide structure found within the aptamer. This
arrangement should minimize the potential for disruptive
interactions between the two domains upon ligand
binding. With this design and subsequent designs, we
sought to create FMN-sensitive ribozymes and related
theophylline-sensitive ribozymes that require ligand-
induced structure stabilization for allosteric activation.
Testing ribozyme constructs and implementing the
adaptive design strategy
The unmodified hammerhead ribozyme H1 and the engi-
neered ribozyme construct H11 were each assayed for
RNA-cleavage activity in the absence or presence of FMN.
Qualitative assessments of the function of H1, H11, and
the remaining ribozymes created for this study are depicted
in Figure 2. Consistent with our design goals, we find that
the activity of H11 relative to H1 is substantially reduced
when tested in the absence of FMN (Figure 2, lanes 2 and
10). This outcome is expected if the weakened stem II
indeed has affected ribozyme function, although we have
not examined whether or not the loss of activity with H11
might be due to adverse interactions between the ribozyme
domain and the appended aptamer domain. As expected,
the catalytic activity of H1 is not affected by the addition of
FMN (Figure 2, lane 3). The activity of H11 also remains
largely unaffected by FMN (Figure 2, lane 11), however,
indicating that little or no stabilization of the G–C stem II
of this construct is gained by FMN interactions.
A comparison of rate constants between H1 and H11 in
the absence (kobs–) and presence (kobs+) of ligand confirms
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Figure 2
Qualitative assessment of ligand-dependent modulation of ribozyme
activity. Substrate cleavage reactions were incubated for 30 min in the
absence (–) or presence of FMN (F) or theophylline (T). The internally
32P-labeled RNA enzyme (E), and the [5′-32P]-labeled substrate (S)
and its cleavage product (P) were separated by polyacrylamide gel
electrophoresis and visualized using a PhosphorImager. The variable
band intensities for the different RNA enzymes reflect different specific
activities for the radiolabeled RNAs. Reactions contained either no
ribozyme (lane 1) or 500 nM ribozyme (lanes 2–15).
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the results seen in Figure 2. H1 operates with a kobs– of
1.2 min–1 and a kobs+ of 1.1 min–1 (Figure 3a). In contrast,
the activity of H11 is 230-fold lower than H1 in the
absence of FMN (kobs– = 4.9 × 10-3 min–1; Figure 3a). The
rate constant of H11 only improves twofold upon addition
of the ligand (kobs+ = 9.7 × 10–3 min–1; Figure 3). If disrup-
tion of ribozyme activity with H11 is primarily caused by
the weakening of stem II, then this construct should have
responded positively to the addition of FMN according to
the allosteric mechanism under examination. Others have
observed that hammerhead ribozyme variants with a
single G–C base pair in stem II display catalytic activities
that approach 1 min–1 [24,25]. Other factors in addition to
stem II stability might, therefore, be further disrupting
the catalytic activity of H11. Again, it is possible that the
lone G–C base pair is sufficiently strong to maintain near
full catalytic activity, but the appended aptamer domain
might form disruptive contacts with the catalytic domain
and that these contacts cannot be supplanted by addition
of FMN. Similar misfolding problems are widely encoun-
tered with other functional nucleic acids. 
In response to our initial findings we synthesized the
ribozyme construct H10 (Figure 1a), which carries a single
G.U wobble pair in place of the G–C pair in H11. Our
decision to test this construct was based on two assump-
tions. First, if our speculation concerning the mechanism
for the unresponsive nature of H11 is correct, then addi-
tional weakening of stem II would further slow the rate of
uninduced RNA cleavage in the fraction of ribozymes that
might otherwise be poised in an active conformation. This
pairing is thermodynamically less stable [31] than the G–C
pair in H11, and therefore is expected to be more depen-
dent upon neighboring structural elements for its forma-
tion and for ribozyme catalysis. Second, construct H11
maintains a considerable rate enhancement for RNA
cleavage (~100,000-fold over the uncatalyzed rate for RNA
transesterification), despite suffering a 230-fold loss of
activity compared with H1. Greater disruption of the
ribozyme is possible, and the resulting slower constructs
might have greater potential for significant ligand-induced
rate enhancements. In addition, a single-nucleotide
variant of H1, termed H9, was prepared to test the effects
of the G⋅U wobble pair closing an otherwise stable stem
II. The G⋅U pairing at this position has already been
shown to support hammerhead catalysis, but with a slower
catalytic rate [26]. The catalytic rate constant measured for
H9 should define, therefore, the maximum possible value
that can be achieved upon allosteric activation of H10,
even if the FMN-bound aptamer complex of H10 per-
fectly simulates an A-form helix like that present in H9.
As predicted, H9 is not responsive to added ligands
(Figure 2, lanes 5–7) and cleaves the substrate RNA less
efficiently than does H1. Both kobs– and kobs+ for H9 were
determined to be 2 × 10–2 min–1, which reflects a ~50-fold
reduction in activity compared with the kobs values for H1.
In contrast, construct H10 is almost entirely inactive in the
absence of FMN (kobs– = 9.2 × 10–5 min–1; Figure 2, lane
8), demonstrating that the lone G.U pair comprising stem
II is not sufficiently stable to support even moderate cat-
alytic activity. This same construct demonstrates signifi-
cant catalytic activity in the presence of FMN (Figure 2,
lane 9). Determining the rate constant using substrate-
cleavage data collected over the course of the first 10
minutes of H10 reaction with FMN reveals an initial kobs+
of 3.0 × 10–3 min–1 (Figure 3a). This corresponds to an
FMN-induced rate enhancement of ~33-fold relative to
the rate in the absence of FMN (Figure 3b). A plot of the
fraction of substrate cleaved for H10 over a longer time
period reveals that a substantial fraction of the RNA popu-
lation reacts with an observed rate constant that is at least
tenfold slower than is indicated by the initial kobs+ value
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Figure 3
Kinetic parameters for various ribozyme constructs. (a) Initial rate
constant determined for different constructs in the absence (open
circles) or presence (filled circles) of FMN (constructs H1 and
H9–H12) or theophylline (H14). Filled squares represent the rate
constants derived for the ribozymes comprising the most active
sub-population. (b) Ligand-induced activation for various ribozyme
constructs as calculated by the ratio of kobs+ to kobs–.
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(Figure 4). Replicate assays produce similar biphasic plots,
where between 75 and 90% of the RNA undergoes cleav-
age at the slower rate (data not shown). In contrast, the
control ribozyme H9 processes substrate through several
half-lives without showing biphasic characteristics
(Figure 4, inset). These results indicate that H10 might
exist as a heterogeneous population of RNA structures
that either respond rapidly to FMN, or that require a sig-
nificant rate-limiting structural rearrangement to become
active. Subjecting a mixture of ribozyme, substrate and
ligand to thermal denaturation and reannealing in the
absence of magnesium ions provided no advantage for cat-
alytic activity. Furthermore, increasing the concentration
of FMN beyond that which saturates the allosteric
binding site does not increase the activity of the related
self-cleaving construct H13 (Figure 5). Taking into con-
sideration this presumed misfolding problem, the actual
kobs+ value for the properly folded fraction of H10
ribozymes is at least fourfold greater (see the Materials
and methods section for determination of kinetic con-
stants). We estimate, therefore, that the actual FMN-
induced allosteric enhancement for the active
subpopulation of H10 is more than 100-fold.
By adding FMN to H10, we are attempting to simulate
the formation of the extended stem structure that is found
in H9. The rate constant for H9 (2 × 10–2 min–1; Figure 3a)
should, therefore, define the maximum value that can be
achieved by any conjoined aptamer–ribozyme construct
that operates by stabilizing stem II containing a terminal
G.U pair. Interestingly, the rate constant derived for the
active fraction of H10 ribozymes (3 × 10–2 min–1; Figure
3a) is within twofold of this theoretical maximum value. In
addition, we synthesized and tested a variant (H12; Figure
1a) carrying an additional U–A base pair in stem II com-
pared with H10. H12 displays catalytic rate constants
either in the presence or absence of FMN that are also
near this theoretical maximum value. Taken together,
these results suggest that even small increases in the sta-
bility of stem II can dramatically improve catalytic func-
tion, and that non-standard RNA structures induced by
ligand binding can replace portions of the native hammer-
head ribozyme. Therefore, a G⋅U base pair presents itself
as a minimal stem II element for the hammerhead
ribozyme that can support catalysis, but only when struc-
ture stabilization is contributed by ligand binding to an
adjacent aptamer domain.
Ligand binding and allosteric performance
The apparent dissociation constant (Kd) for FMN binding
to the allosteric ribozyme was determined using the self-
cleaving construct H13 (Figure 1b). This self-cleaving con-
struct is a unimolecular version of H10 that was designed
to eliminate the need to use saturating concentrations of
ribozyme in substrate-cleavage assays. With H13, it is pos-
sible to conduct single turnover kinetic assays using trace
amounts of self-cleaving ribozyme, without concern for the
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Figure 4
Time course of RNA cleavage activity for constructs H9 (squares) and
H10 (circles) in the absence (open symbols) or presence (filled
symbols) of 200 µM FMN. In the presence of ligand, H10
demonstrates biphasic kinetics indicating that the molecule might exist
in at least two different structural states. In contrast, the plot for H9
(inset) indicates that greater than 90% of the ribozyme is in the active
state over the incubation time examined.
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Figure 5
Dependence of the initial rate of H13 self-cleavage on FMN concentration.
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loss of enzyme–substrate complex formation. This facili-
tates the examination of the concentration-dependent
effects of FMN approaching 100 nM. A semi-log plot of
the initial observed rate constants for H13 obtained in the
presence of various concentrations of FMN forms a sig-
moidal curve (Figure 5). When fully stimulated by FMN,
the initial rate constant for H13 (3 × 10–2 min–1) is within
tenfold of that observed for the related bimolecular con-
struct H10. The overall rate enhancement caused by FMN
binding (kobs+/kobs–) is 20-fold for H13, whereas it was 33-
fold for H10. The similarity of these observed kinetic para-
meters is expected if we indeed have achieved single
turnover conditions for the kinetic assays with the bimole-
cular constructs (see the Materials and methods section).
The apparent Kd for FMN binding to H13 is estimated to
be 5 µM, which is the ligand concentration required to
achieve half-maximal initial kobs. This value is tenfold
higher than the Kd previously established for the FMN
aptamer alone [27]. A reduction in ligand-binding affinity
is not unexpected, however, because both the ribozyme
and aptamer domains share the weakened G⋅U stem II. It
is likely that the performance of the FMN aptamer is
impaired by this suboptimal stem II element. A variant of
H10 that carries a single A → U mutation within the
aptamer domain (Figure 1a) has an apparent Kd of
~100 µM, indicating that the FMN-binding domain is
directly responsible for ligand-responsive ribozyme func-
tion. The apparent Kd for FMN binding to H13 also
differs from the value obtained for a similar FMN-sensi-
tive allosteric ribozyme (apparent Kd = 129 µM) that was
recently created [32]. The ~20-fold difference in the Kd
values for FMN binding to these related allosteric
ribozymes might result from differences in the connectiv-
ity between the aptamer and ribozyme domains.
If the mechanism proposed for allosteric function of H10
is correct, then other aptamer domains that collapse into a
stable hairpin-like structure upon ligand binding conceiv-
ably could serve to stabilize the weakened stem II domain
and activate ribozyme function. To examine this possibil-
ity, we replaced the FMN-binding domain of H10 with a
theophylline-binding aptamer [33] to create the ribozyme
construct H14 (Figure 1c). The theophylline aptamer also
undergoes adaptive binding upon the introduction of
ligand. H14 no longer responds to FMN, and is activated
only by the addition of theophylline (Figure 2, lanes 14
and 15). Likewise, H10 is only triggered by FMN, and is
not affected by the presence of theophylline (data not
shown). These findings are consistent with the proposed
mechanism of ligand-induced structure stabilization,
whereby the selectivity of the allosteric response is estab-
lished by the adjoining aptamer domain. 
The RNA–ligand complex adopts a near A-form rod-
like structure that has a ~45° kink centered on the
ligand-binding domain [34]. This response differs from
that of a construct tested earlier (H8) [4] that also carried
the theophylline aptamer, but was linked to the ribozyme
by a stem II element composed of four base pairs. Model-
ing of the theophylline domain docked to the ribozyme
by a one base pair stem II (H10) reveals no apparent
clash that might adversely affect ribozyme function (data
not shown). In contrast, when a four base pair stem II is
used to bridge the two domains (H8), a minor clash
between the two functional domains is evident, which
could explain the modest rate inhibition seen with this
earlier construct.
H14 presumably experiences significant misfolding like
H10, though only 50% appears to be trapped in an inactive
state (data not shown). Based on the rate constant for the
active fraction of ribozyme (kobs+ = 2.0 × 10-2 min-1 and
kobs = 5.0 × 10-4 min-1), H14 undergoes a ~40-fold rate
enhancement in the presence of theophylline (Figure 3).
As with construct H10, H14 also approaches the theoretical
maximum for catalytic activity when stem II carries a G⋅U
base pair immediately adjacent to the core of the ribozyme.
Despite the unpredictability of ribozyme misfolding, it is
conceivable that structure stabilization derived from ligand
binding to certain aptamer domains may be utilized to
allosterically modulate ribozyme activity.
Conclusions
Using modular rational design techniques, we have further
investigated structure stabilization as a mechanism of
allosteric regulation. By appending different aptamer
domains to a hammerhead ribozyme, a minimal stem II
element has been defined that can support ribozyme
catalysis when stabilized by ligand binding. Central to our
design approach is the use of the adaptive strategy for
modular rational design. In most cases, we have found that
improvements can be made in the performance of proto-
typic constructs by integrating design changes expected to
address specific design concerns. In this same manner, a
variety of new allosteric ribozymes could be designed that
respond to specific ligand molecules.
Rational design of allosteric ribozymes that employ struc-
ture stabilization as a general mechanism of allosteric acti-
vation have produced catalysts that exhibit modest rate
enhancements in the presence of specific ligands. Rate
enhancements of more than 100-fold were achieved by
ribozyme H10, albeit for only a small fraction of individual
RNAs that were free to adopt the active catalytic state.
Although this represents a significant improvement over
the 5-fold to 20-fold rate enhancements that were previ-
ously observed [4,32], several fundamental problems are
inherent to the current design and engineering strategies.
For example, the rate constants for the FMN-sensitive and
theophylline-sensitive ribozymes reported here are nearly
two orders of magnitude lower than those observed for
788 Structure 1999, Vol 7 No 7
unmodified hammerhead ribozymes. This apparently
results from the use of a G⋅U pair to form the weakened
stem II element. To overcome this limitation, a different
mechanism that does not rely on the minimization of stem
II length and stability is needed. Clearly, with respect to
the magnitude of the rate enhancement and the maximum
catalytic rate for activated ribozymes, considerable improve-
ment could be made in the performance of allosteric
ribozymes. In addition, the more unpredictable aspects of
RNA folding will probably have a significant impact on the
final characteristics of engineered ribozymes. Our early
studies indicate that RNA misfolding, which might affect
constructs H10, H11 and H14, will be a significant chal-
lenge for future engineering efforts. We have based our
design decisions on qualitative assessments of structure sta-
bility, but the use of precise thermodynamic parameters
could provide a powerful means to address the problem of
misfolding in future engineering efforts.
By definition, allosteric enzymes undergo a ligand-induced
conformational change to regulate enzyme activity [16–18].
Ligand binding occurs at a site that is distinct from the
active site, but the conformational change resulting from
complex formation influences the kinetic properties of the
enzyme. RNA should provide an excellent format for the
creation of allosteric enzymes considering its modular
nature, its propensity for adaptive binding, and its ability to
specifically recognize various ligands [3,35,36]. Structural
reorganization is the common element among all allosteric
enzymes, whether they are formed from protein or nucleic
acid. The effects of conformational changes in allosteric
ribozymes can, however, be manifested through several dis-
tinct mechanisms. The allosteric functions of engineered
ribozymes made to date can be organized into four separate
mechanistic groups, a fifth possible mechanism has yet to
be demonstrated. These mechanisms for allosteric function
include steric interactions [4,8,9], secondary structure stabi-
lization ([4], and this report), ‘slip structure’ interconver-
sions [37],  antisense interactions [38,39], and quaternary
structure formation. All mechanisms ultimately make use of
ligand-induced structural changes, but the precise molecu-
lar interaction that dictates allosteric function is somewhat
different in each case. For example, a ribozyme that is
inhibited by ATP (construct H3) [4] adopts a ligand-depen-
dent structural arrangement that generates a steric clash
between the ATP receptor and the active conformation of
the ribozyme [9]. Although structural change is an integral
part of the allosteric mechanism of H3, it is the steric clash
that is the direct cause of ribozyme inactivation. We con-
sider this to be a mechanism involving steric interactions.
Ribozymes H10 and H14 described herein apparently
cannot form the stem II structure that is necessary for
ribozyme function unless ligand binding stabilizes the
adjoining receptor domain. Stem II stabilization is therefore
the direct cause of ribozyme activation, and this can be cat-
egorized as a mechanism involving secondary structure 
stabilization. In a related study [37], we have used a combi-
nation of modular rational design and in vitro selection [2,3]
to isolate a series of allosteric ribozymes that are proposed
to rapidly interconvert between localized base pairing
alternatives in a ligand-dependent fashion. This localized
structural alteration, similar in mechanism to base-pair slip-
page, is defined as a ‘slip structure’ mechanism. This clas-
sification draws a distinction between subtle base-pair
reorganization, and the more substantial base-pairing
rearrangements that are similar to antisense interactions
[38,39]. In a related design effort, Araki et al. [32] have
created an FMN-sensitive hammerhead ribozyme that dis-
plays tenfold allosteric activation. It is as yet unclear,
however, as to what mechanistic class this ribozyme can be
assigned to. Finally, ligand-dependent quaternary struc-
ture formation is a commonly used mechanism for
allosteric protein function [17,18], but this mechanism has
yet to be demonstrated with nucleic acid catalysts.
Biological implications
Allosteric nucleic acid catalysts have considerable poten-
tial for use as controllable therapeutics, as investigative
tools for the manipulation of gene expression, or as
highly specific biosensor components. Developing the
ability to engineer any catalytic RNA or DNA to
respond to specific effector molecules, therefore, is highly
desirable. Furthermore, the numerous mechanisms by
which ribozyme allostery might be achieved lends
support to the notion of an RNA world  in which
ribozymes might once have directed a complex metabolic
state that undoubtedly would have benefitted from
allosteric control [40–42]. The ability to engineer
allosteric ribozymes using modular rational design is
largely made possible by the inherent characteristics of
RNA. Our initial successes in creating allosteric
ribozymes supports the view that the modular nature of
certain ribozymes and RNA aptamers can be exploited
to create new ribozyme constructs with altered kinetic
characteristics. Further progress in the area of ribozyme
allostery will benefit from an established conceptual and
experimental framework for understanding the dynamic
interplay possible between nucleic acid domains. In addi-
tion, the adaptive strategy for modular rational design
has proven to be a useful component to the ribozyme
engineering process, particularly when many of the
subtle factors that dictate RNA folding patterns have yet
to be fully controlled. Most probably, a combined
approach that uses elements of modular rational design
and combinatorial protocols will ultimately be the most
successful method to endow catalytic nucleic acids with
the properties of allosteric regulation.
Materials and methods
RNA and DNA molecules
Synthetic DNA and the 14-nucleotide substrate RNA were prepared
by standard solid phase methods (Keck Biotechnology Resource
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Laboratory, Yale University) and purified by denaturing polyacrylamide
gel electrophoresis (PAGE) as previously described [4]. The [5′-32P]-
labeled RNA substrate was prepared using T4 polynucleotide kinase
and [γ-32P]-ATP, and purified again by PAGE. Each ribozyme construct
was prepared by in vitro transcription from a double-stranded DNA tem-
plate produced by reverse transcriptase (RT) primer extension of the
oligonucleotides 5′-TAATACGACTCACTATAGGGCGACCCTGAT-
GAG or 5′-TAATACGACTCACTATAG on a DNA template that is com-
plementary to the desired RNA construct used. RT extension reactions
(50 µl) containing 200 pmol template, 300 pmol primer, 50 mM Tris-
HCl (pH 8.3 at 23°C), 75 mM KCl, 3 mM MgCl2, 1 mM DTT, 1 mM of
each dNTP, and 400 U SuperScript II reverse transcriptase (Gibco
BRL) were incubated at 37°C for 30 min. Extension products were pre-
cipitated with ethanol and resuspended in water. Transcription reac-
tions (50 µl) containing ~40 pmol template, 40 mM Tris-HCl (pH 8.0 at
23°C), 15 mM MgCl2, 5 mM DTT, 50 µg/ml BSA, 1 mM of each NTP,
20 µCi [α-32P]-UTP, and ~1000 U T7 RNA polymerase were incubated
at 37°C for 1 h. Ribozymes were purified by PAGE, isolated from the
gel by crush-soak elution, and quantified by liquid scintillation counting.
Ribozyme assays
Ribozyme assays for all constructs except H13 were conducted under
single-turnover conditions with ribozyme (500 nM) in excess over trace
amounts (~5 nM) of [5′-32P]-labeled substrate. Under these conditions
the concentration of ribozyme exceeds the dissociation constant (Kd)
for the enzyme–substrate complex, thereby saturating substrate with
enzyme. Ribozyme and substrate RNAs were preincubated separately
for 10 min at 23°C in buffer containing 50 mM Tris-HCl (pH 7.5 at
23°C) and 20 mM MgCl2 in the absence or presence of 200 µM FMN
or 1 mM theophylline. This concentration of FMN is 400-fold greater
than the published Kd for ligand binding to the FMN aptamer [27], and
exceeds the amount required to produce a maximal rate enhancement
for the allosteric ribozyme H13. Similarly, the concentration of theo-
phylline employed for all assays is 2000-fold greater than the Kd
reported for the ligand–aptamer complex [33]. These high concentra-
tions were used to assure that the ligand-binding domains were satu-
rated, even if the Kd of each domain might be severely affected by the
engineering process.
Ribozyme reactions were initiated by combining the preincubated mix-
tures and were terminated by the addition of a 2 × gel loading buffer
(87 mM Tris base, 89 mM boric acid, 20% sucrose, 0.05% bromophe-
nol blue, 0.05% xylene cyanol, 0.1% SDS, 7.3 M urea, 1 mM EDTA)
containing an additional 40 mM EDTA. Reaction products separated
by PAGE were visualized and quantitated using a PhosphorImager and
ImageQuant software (Molecular Dynamics). Product yields were cor-
rected for the amount of substrate that remained uncleaved after
exhaustive incubation with the unmodified hammerhead H1.
Determination of kinetic constants
Initial observed rate constants (initial kobs) were derived by plotting the
natural logarithm of the fraction of substrate uncleaved versus time. The
initial kobs was derived by determining the negative slope of the result-
ing line through the early stages of the reaction (0 – 10 min). When
necessary, corrections for misfolded RNA were made on the basis of
data derived from extended time courses. The fraction of ribozyme mis-
folded was determined from biphasic plots, in which the y-intercept of
the line representing the secondary reaction phase is the natural loga-
rithm of the fraction of RNA that is misfolded. When calculating the rate
constants for correctly folded ribozymes, this fraction was subtracted
from the initial amount of ribozyme–substrate complex present in the
reaction. The values for all rate constants reported are the averages of
a minimum of two replicate assays under each condition. Replicate
values for rate constants differed by less than twofold.
Kinetic analysis of the self-cleaving construct H13 was performed as
described above by preincubating ribozyme (10 nM) for 10 min at
23°C in the presence of various concentrations of FMN ranging from
100 nM to 100 µM. Reactions were initiated by the addition of buffer
to a final concentration of 50 mM Tris-HCl (pH 7.5 at 23°C) and 20
mM MgCl2. The apparent Kd for FMN binding to H13 was estimated
to be the concentration of ligand that produced a half-maximal
increase in the initial kobs.
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